The thermal stability, crystallization behavior and mechanical properties of the Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloys have been investigated. The glass transition temperature (T g ), crystallization temperature (T x ), liquidus temperature (T l ) and the supercooled liquid region ÁT x (¼ T x À T g ) increase with increasing Hf content. The reduced glass transition temperature (T g =T l ) values are in the range from 0.54 to 0.59. The Vicker's hardness (H V ), Young's modulus (E) and compressive fracture strength ( c,f ) 
Introduction
Since the success of forming bulk glassy alloys with a large supercooled liquid region before crystallization in MgLn-Ni 1) and Ln-Al-Ni 2) (Ln = lanthanide metals) systems by a copper mold casting method, a number of bulk glassy alloys have been prepared in multi-component systems such as Zr-, 3, 4) Fe-, 5) Pd-, 6) Co- 7) and Ni- [8] [9] [10] [11] based alloys. Recently, several new Cu-based multi-component bulk glassy alloys with high glass-forming ability (GFA) and good mechanical properties have been found. [12] [13] [14] [15] [16] [17] These Cu-based bulk glassy alloys are highly promising as structural materials due to their almost theoretical strength, excellent wear properties and ductility as well as low material cost. Among these Cubased alloys, the Cu-Zr-Ag glassy alloys have drawn much more attention because of the following advantage points, e.g., (1) high glass-forming ability leading to the maximum sample diameter of over 6 mm, (2) appearance of a large supercooled liquid region exceeding 70 K leading to warmworking through viscous flow of supercooled liquid, and (3) high fracture strength above 1800 MPa. 17) Further improvement in characteristics of the Cu-Zr-Ag glassy alloys may be possible by addition of alloying elements. Improved mechanical performance of bulk glassy alloys has been found in alloys associated with complex compositions. For instance, multi-component Cu-Zr-based glassy alloys of Cu-Zr-Hf-Ti, 18) Cu-Zr-Ti-Pd, 19) Cu-Zr-TiNb, 20) Cu-Zr-Hf-Al 21) and Cu-Zr-Al-Y 22) have been developed by addition alloying elements on the basis of the ternary glassy alloys systems. Hafnium is chemically analogous to zirconium, though its atomic weight is much larger. Thus it is speculated that the alloys in which Zr is replaced by Hf would increase density in conjunction with excellent mechanical properties. Experiments demonstrated that Zr-based bulk glassy alloys in which Zr was replaced by Hf possessed significantly increased mechanical properties. 18, 21) However, little is known about the effect of substitution of Hf for Zr on the thermal stability and mechanical properties of Cu-based Cu-Zr-Ag bulk glassy alloys. This paper presents the thermal stability, density and mechanical properties of the Cu-Zr-HfAg glassy alloys. The effectiveness of substitution of Hf for Zr is also investigated.
Experimental Procedure
Multi-component Cu-(Zr, Hf)-Ag alloy ingots with nominal compositions were prepared from the mixtures of pure Cu, Zr, Hf and Ag metals by arc melting in a Ti-gettered argon atmosphere. The purity of metals was over 99.9 mass%. Alloy ingots were re-melted four times to ensure chemical homogeneity. The glassy alloys in a ribbon form with a cross section of 0:02 Â 1:5 mm 2 and in a cylindrical rod form with diameters up to 2.0 mm were prepared by melt spinning and copper mold casting, respectively. The glassy structure was identified by X-ray diffraction and the thermal stability associated with glass transition temperature (T g ) and crystallization temperature (T x ) was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. The liquidus temperature (T l ) was measured by differential thermal analyzer (DTA) at a heating rate of 0.33 K/s. The density was measured by Archimedes's principle by weighing ingots in tetrabromoethane and in air. Vicker's hardness was measured using a microhardness tester. Mechanical properties were measured under a compressive load with an Instron testing machine. The gauge dimension of specimens was 2.0 mm in diameter and 4.0 mm in height and the strain rate was 5 Â 10 À4 s À1 .
Results
The DSC curves of melt-spun Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy ribbons are shown in Fig. 1(a) . These glassy alloys exhibit a distinct glass transition, followed by a supercooled liquid region and then a single exothermic reaction due to crystallization. The melting behavior of Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) alloys is shown in Fig. 1(b) . The solidification of those alloys which the Hf content is lower than 20 at% is completed through a single endothermic reaction leading to a lower liquidus temperature. However, the traces of alloys which the Hf content is higher than 25 at% exhibit two major endothermic peaks, indicting that these compositions are offset from the eutectic point. Based on the DSC and DTA curves, glass transition temperature (T g ) and crystallization temperature (T x ), supercooled liquid region ÁT x (¼ T x À T g ), melt temperature (T m ), liquidus temperature (T l ) and reduced glass transition temperature (T g =T l ) are plotted as a function of Hf content in Fig. 2 . As the Hf content increases, T x and T g increase almost linearly and the increase rate of T x is larger than that of T g , resulting in a significant increase in ÁT x from 68 K at x ¼ 0 at% to 87 K at x ¼ 45 at%. As a result, the substitution of Hf for Zr in the Cu-Zr-Ag glassy alloys is effective for an increase in ÁT x . In addition, although the T l increases monotonously with increasing Hf content, the T g =T l value keeps nearly constant and shows a high value of about 0.59 with addition of Hf content below 20 at% with further increasing Hf content, the T g =T l distinct decreases to 0.54 at x ¼ 45 at%. The large ÁT x exceeding 68 K and high T g =T l above 0.56 are simultaneously obtained in the Hf content range from 0 to 25 at%, indicating that Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 25 at%) glassy alloys have high thermal stability of the supercooled liquid as well as high glass-forming ability.
The Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 25 at%) alloy rods with a diameter of 2.0 mm were formed by copper mold casting. Figure 3 shows X-ray diffraction patterns obtained from the transverse cross-sections of the alloy rods. The X-ray diffraction patterns consist only of broad peaks, indicating the formation of a glassy phase. Figure 4 shows nominal stress-strain curves of the glassy alloy rods of 2.0 mm in diameter under a compressive deformation mode. It is seen that the total strain is less than 0.027, with plastic strains of 0.007 to 0.019, and the fracture strength increases monotonously with increasing Hf content. Figure 5 shows the changes in density (), Vickers hardness (H V ), Young's modulus (E) and compressive fracture strength ( c,f ) of the Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 25 at%) bulk glassy alloys with increasing Hf content. The , H V , E and c,f increase almost linearly from 7.52 g/cm 3 , 485, 108 GPa and 1810 MPa, respectively, at x ¼ 0 to 9.89 g/cm 3 , 554, 123 GPa and 2020 MPa, respectively, at x ¼ 25 at%. In addition, the final fracture occurs along the maximum shear stress plane which is declined by about 45 degrees to the direction of applied compressive load, and the fracture surface consists mainly of a well-developed vein pattern. It is thus also concluded that the substitution of Hf for Zr for the Cu-(Zr, Hf)-Ag glassy alloys is effective for an increase in mechanical properties.
We have examined crystallization behavior of the Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloys. Figure 6 shows X-ray diffraction patterns of the Cu 
Discussion
The substitution of Hf for Zr in the Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloys increases significantly the supercooled liquid region ÁT x . This result has a relation to the thermal stability of their glassy alloys against crystallization. The different crystallization behavior is observed for the glassy alloys in x ¼ 0 and x ¼ 45. The final crystallization phases change from Cu 10 Zr 7 phase for the former alloy to Cu 10 Hf 7 and CuHf 2 phases for the latter alloy, indicating that the substitution of Hf for Zr in the Cu 45 Zr 45Àx Hf x Ag 10 glassy alloy increase in the difficulty of long-range atomic rearrangements which are required for the progress of crystallization, leading to the high thermal stability of the supercooled liquid against crystallization. 24) In addition, the primary crystalline phase of all Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloys is the Cu 10 (Zr, Hf) 7 phase of an orthorhombic Ni 10 Zr 7 type, and the crystallization reaction onset's temperature of Cu 10 (Zr, Hf) 7 phase increases monotonously with increasing Hf content, the primary phase was first identified by XRD for Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0, 45 at%) glassy alloys annealed for 600 s at about 723 K and 760 K, respectively (Fig. 6 ). This indicating that the thermal stability of the primary crystalline Cu 10 (Zr, Hf) 7 phase is enhanced monotonously with increasing Hf content. Therefore, It is concluded that the substitution of Hf for Zr in the Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloys enhances the thermal stability of the glassy alloy against crystallization, leading to the ÁT x increases.
The substitution of Hf for Zr in the Cu-Zr-Ag glassy alloys is effective for an increase in the mechanical properties. This seems to originate from the change in the bonding force among the constituent elements of the glassy alloys. It is known that the melt temperature (T m ) and T g of the glassy alloys reflect the bonding force among the constituent elements. 25) From Fig. 1 and Fig. 2 , it can be seen that the T m and T g of Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloys increase linearly with increasing Hf content because the Hf has higher melting temperature than Zr (Hf: 2503 K, Intensity (arb. Unit) Zr: 2128 K), 26) this being consistent with the fracture strength of the glassy alloys.
Summary
We examined the thermal stability, density and mechanical properties of the Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloys. The results obtained are summarized as follows.
(1) In the Cu 45 Zr 45Àx Hf x Ag 10 (x ¼ 0 to 45 at%) glassy alloy system, the T g , T x and T l increase with increasing Hf content, while ÁT x increases linearly from 68 K to 87 K with increasing x from 0 to 45 at%. The reduced glass transition temperature (T g =T l ) is in the range from 0.54 to 0.59. (2) The density of bulk glassy alloys increases linearly with increasing Hf content, and the increase ratio is 32% at 
